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The aim of this work was to estimate the in vitro effects of polyphenol extracts from Bras-
sica  vegetables (Brussels sprouts and red cabbage) on erythrocyte membranes with normal
and high concentration of cholesterol. To determine the effect of phenolic compounds we
prospectively studied cholesterol concentration, lipid peroxidation, membrane ﬂuidity and
ATPase activity. Polyphenol extracts from Brassica vegetables resulted in statistically sig-
niﬁcant reductions in cholesterol concentrations in hypercholesterolemic erythrocytes. For
control erythrocytes, no signiﬁcant reduction of cholesterol levels was observed for both
extracts. Decreases in lipid peroxidation intensity were observed after incubation of hyper-
cholesterolemic erythrocytes with the extracts. No changes in membrane ﬂuidity for both
extracts were noted for normal and hypercholesterolemic erythrocytes. The activity ofembrane ﬂuidity
TPase activity
rythrocyte
olyphenols
ATPase decreased after incubation of normal and hypercholesterolemic erythrocytes with
extract from Brassica vegetables. Our results indicate that polyphenols from red cabbage and
Brussels sprout may directly inﬂuence erythrocyte membrane properties.
© 2012 Elsevier B.V.    
ond defence lines against oxidative stress (Birt et al., 2001;
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.  Introduction
pidemiological and animal studies have shown that a fruits
nd vegetable-rich diet is connected with higher adult life
xpectancy rates, which is coupled with lower rates of
ardiovascular disease, cancer and other diet-related con-
itions (Gosslau and Chen, 2004; Gundgaard et al., 2003;
Abbreviations: 5-DSA, 5-doxylstearic acid; DPPH, 1,1-diphenyl-2-pic
ensity lipoprotein; TBA, thiobarbituric acid; TBARS, thiobarbituric aci
ntioxidant capacity; TG, triglycerides.
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Open access under CC BY-NC-ND license.Kris-Etherton et al., 2002). Fruits and vegetables are rich
sources of natural antioxidants such as water-soluble vitamin
C and phenolic compounds, as well as lipid-soluble vitamin E
and carotenoids, which contribute both to the ﬁrst and sec-rylhydrazine; FRAP, ferric reducing antioxidant power; LDL, low-
d reactive species; TC, total cholesterol; TEAC, Trolox equivalent
ysics, Faculty of Biology and Environmental Protection, University
ax: +48 42 635 44 73.
Harborne and Williams, 2000; Halliwell et al., 2005).
Brassica vegetables, which including different geni of cab-
bage, broccoli, cauliﬂower, kale and Brussels sprout are widely
 d p h784  e n v i r o n m e n t a l t o x i c o l o g y a n
consumed all over the world. Published reports link Brassica
vegetable intakes with reduced risk of chronic diseases such
as cardiovascular disease and cancer (Chu et al., 2002; Uhl
et al., 2004). The beneﬁcial biological properties of these veg-
etables have been partly attributed to phenolic compounds.
Polyphenols have shown different biological properties, such
as hypoglycemic and hypolipidemic potential and also anti-
inﬂammatory and anticancer properties (Halliwell, 1996; Roza
et al., 2007; Yao et al., 2004). Phenolics may reduce the forma-
tion of free radicals, thus inhibiting oxidation of low density
lipoproteins (LDL), which is a factor contributing to the devel-
opment of atherosclerosis (Cos et al., 2002; Goncalves et al.,
2004; Knekt et al., 2002). In addition, ﬂavonoids showed protec-
tive activity comparable with -tocopherol in human LDL, and
they can also regenerate vitamin E, from the -chromanoxy
radical (Zhu et al., 2000).
More than 40 phenolic compounds have been identiﬁed
so far in vegetables from the Brassicaceae family. The most
widespread and recognized polyphenols in Brassica species are
ﬂavonols (kaempferol and quercetin derivatives), hydroxyben-
zoic acid derivatives and hydroxycinnamic acid derivatives
(caffeic, ferulic, sinapic, p-coumaric acid). They are conju-
gated to sugars (glucoside, sophoroside, gentiobioside), other
hydroxycinnamic acids and other organic acids (malic, quinic
acid) (Cartea et al., 2011; Lin and Harnly, 2010; Olsen et al.,
2010; Podse˛dek, 2007). Additionally, anthocyanins (acyloglyco-
sides of cyanidin) are responsible for red and purple colours
in a common red variety of kale, cabbage, broccoli and others
Brassica vegetables (Olsen et al., 2010; Podse˛dek, 2007).
The present study was designed to investigate the in vitro
effects of polyphenols extracts from red cabbage and Brus-
sels sprouts on erythrocyte membranes with normal and high
concentrations of cholesterol.
2. Materials  and  methods
2.1.  Plant  materials
Brussels sprouts (Brassica oleracea L. var. gemmifera)  cv. File-
mon  was harvested in November and red cabbage (B. oleracea
L. var. capitata L. f. rubra) cv. Koda in October. Brussels sprouts
samples were collected from commercial gardens near Łódz´
(central region of Poland), while samples of red cabbages were
obtained from farms of the PlantiCo Horticulture Breeding and
Seed Production, Gołe˛biew, Ltd. A sample of each vegetable
(1 kg) was lyophilized and ground into a powder to preserve
the antioxidants content. Freeze-dried vegetables were stored
at −20 ◦C for further analysis.
2.2. Phenolics  extraction  and  determination
Lyophilized vegetables (2 g) were extracted twice with 50 ml  of
70% MeOH (v/v) at room temperature for 15 min  under shak-
ing (Vallejo et al., 2002). The mixture was then centrifuged at
4000 rpm for 15 min, and supernatant was evaporated under
reduced pressure (T < 40 ◦C). The hydro-methanolics extracts
were diluted to 25 ml  with water, and analysed by HPLC
method. Total phenolics were determined spectrophotometri-
cally by the Folin-Ciocalteu procedure (Peri and Pompei, 1972). a r m a c o l o g y 3 4 ( 2 0 1 2 ) 783–790
The amount of total phenolics in the extract was expressed as
gallic acid equivalents (GAE) miligrams per litre.
Phenolic proﬁles were determined using HPLC Knauer
system equipped with UV–vis detector and a Eurospher-100
C-18 column (25 cm × 4.6 mm;  5 m).  The binary mobile phase
according to Tsao and Yang (2003) consisted of 6% acetic acid
in 2 mmol/l sodium acetate (solvent A) and acetonitrile (sol-
vent B). The ﬂow rate was 1 ml/min and a total run time was
70 min. The system was run with a gradient program: 0–15% B
in 45 min, 15–30% B in 15 min, 30–50% B in 5 min, and 50–100%
B in 5 min. Based on the wavelength in which the maximum of
UV–vis absorption was observed, the phenolics were divided
into four groups. The hydroxybenzoic acid derivatives were
quantiﬁed at 280 nm and expressed as gallic acid equivalents,
hydroxycinnamic acid derivatives at 320 nm as chlorogenic
acid equivalents, ﬂavonols at 360 nm as rutin equivalents and
anthocyanins at 520 nm as cyanidin 3-glucoside equivalents.
2.3.  Erythrocytes
Blood samples were taken from patients (n = 30; mean age:
54 ± 7) diagnosed with hypercholesterolemia type-2, before
treatment, with initial concentration of total cholesterol
TC > 200 mg/dl, cholesterol LDL-C > 160 mg/dl and triglycerides
TG < 150 mg/dl. Control blood samples were taken from
healthy volunteers (n = 20; mean age: 53 ± 6). As an anticoag-
ulant agent the ACD solution was used: 23 mM of citric acid,
45.1 mM of sodium citrate, 45 mM of glucose. Consent for the
studies was obtained from the Bioethics Commission of Med-
ical University of Lodz (No. 352/98), Poland.
Blood was centrifuged at 600 × g for 10 min  at 4 ◦C to sep-
arate plasma and red blood cells. Erythrocytes were washed
three times with buffered 0.9% NaCl and then suspend in
the incubation medium (140 mM NaCl, 10 mM KCl, 1.5 mM
MgCl2, 10 mM glucose, 10 mM HEPES, 100 g/ml streptomycin,
0.005 mM phosphate buffer, pH 7.4) at a hematocrit of 2%.
2.4.  Cells  treatment
Erythrocytes (at hematocrit of 2%) were incubated 24 h at tem-
perature 37 ◦C under air condition. Polyphenolic extracts were
used in concentration 5, 10 and 20 mol/l as gallic acid equiv-
alent. After incubation erythrocytes were washed two times
with buffered 0.9% NaCl.
2.5.  Lipids  peroxidation
Peroxidation of lipids was estimated as the compounds reac-
ting with 2-thiobarbituric acid (TBA) according to the method
of Stocks and Dormandy (1971).  The haemoglobin concentra-
tion was determined by Drabkin method (1946).  The results
were expressed in mol  TBARS/g Hb.
2.6.  Cholesterol  concentrationThe extraction of lipids from erythrocytes was carried out
using the Rodriguez-Vico method (Rodriguez-Vico et al., 1991).
The concentration of cholesterol was determined by using
Liebermann–Burchard reagent (Kim and Goldberg, 1969). The
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Fig. 1 – (A) HPLC proﬁles of Brassica vegetables phenolic
compounds at 280 nm wavelength ((1) hydroxybenzoic acid
derivatives; (2) hydroxycinnamic acid derivatives; (3)
anthocyanins). (B) Content of phenolic compounds in
extracts tested (hydroxybenzoic acids content based upon
gallic acid as standard, hydroxycinnamic acids content
based upon chlorogenic acid as standard, anthocyaninse n v i r o n m e n t a l t o x i c o l o g y a n d 
esults were expressed in mg  of cholesterol/ml packed cells
mg  CH/ml p.c.).
.7.  Red  cell  membrane  preparation
he erythrocyte membranes were prepared by the method of
odge et al. (1963) with Tris–HCl buffer. The protein concen-
ration was estimated according to the Lowry methods (1951).
.8. Membrane  ﬂuidity
luidity of erythrocyte membranes was determined by means
f electron paramagnetic resonance (EPR) spectroscopy with
sing 5-doxylstearic acid (5-DSA) spin label. EPR mea-
urements were performed in a Brucker 300 Spectrometer
Germany). Order parameter S was calculated as described in
oter et al. (2004).  Order parameter S show reverse correlation
ith membrane ﬂuidity.
.9.  Activity  of  ATPase
ctivity of ATPase was measured by the means of the Bartosz’s
ethod (Bartosz et al., 1994). Concentration of orthophos-
hate released from ATP was determined in supernatant
y the method of Van Veldhoven and Mannaeters (1994).
he results were expressed in mol  orthophosphate/mg pro-
eins ×h. Na+, K+-ATPase activity was calculated as different
etween activity of ATPase without and with ouabain in incu-
ation medium.
.10. Chemicals  and  reagents
ris, TBA, HEPES, ATP, spin label were purchased from Sigma
hemical Co. (St. Louis, MO, USA). All other chemicals used
ere of research highest purity grade.
.11.  Statistical  analysis
esults were reported as mean ± SD to show variations in a
roup. Signiﬁcance of differences between healthy and dis-
ase groups were calculated by using unpaired Student’s t-test.
he multiple statistical analyses were performed by the one-
ay ANOVA test with post hoc Tukey test using the statistical
oftware STATISTICA 9.0 (StatSoft Inc., Tulsa, OK, USA). Differ-
nces were considered signiﬁcant at p < 0.05.
.  Results
able 1 contains the initial values of cholesterol concentration
nd lipid peroxidation in normal and hypercholesterolemic
roup. As expected, the hyperlipidemic erythrocytes showed
igher concentrations of cholesterol (up to 2-times) and higher
ipid peroxidation levels (1.5-times) compared with normal
rythrocytes.
The phenolics content in tested extracts was determined
y HPLC method (Fig. 1). The level of total phenolics in
ed cabbage extract was 1453 mg/l, and 807 mg/l in Brus-
els sprouts (Folin–Ciocalteau method). Among different
roups of phenolics anthocyanins dominated in red cabbage.content based upon cyanidin 3-glucoside as standard).
Brussels sprouts contained comparable amount hydroxyben-
zoic and hydroxycinnamic acids. In Brassica vegetable the
ﬂavonols (kaempferol and quercetin) are mostly acylated with
hydroxycinnamic acids and conjugated with sugar, which
can signiﬁcantly change the UV spectra of the aglycone form
(Singh et al., 2010). These forms of ﬂavonols were determined
together with the hydroxycinnamic acids derivatives.
After 24 h incubation of erythrocytes without and with
extracts any changes in haemolysis were observed (data not
show).
Incubation of hypercholesterolemic erythrocytes with
extract from red cabbage resulted in statistically signiﬁcant
reduction of cholesterol concentration in erythrocytes down
to 94% and 82% of initial value at polyphenols concentration
10 and 20 mol/l, respectively.
Extract from Brussels sprout signiﬁcant decreased choles-
terol concentration (about 5%) at polyphenols concentration
20 mol/l. For control erythrocytes, slight but not signiﬁcant
786  e n v i r o n m e n t a l t o x i c o l o g y a n d p h a r m a c o l o g y 3 4 ( 2 0 1 2 ) 783–790
Table 1 – The initial values in erythrocytes.
Parameter Normal erythrocytes
(n = 20)
Hyperlipidemia
erythrocytes (n = 30)
Cholesterol concentration
(mmol/ml packed cells)
2.36  ± 0.38 4.78* ± 0.49
Lipid peroxidation (mol TBARS/g
Hb)
0.180  ± 0.032 0.283* ± 0.040
Total ATPase activity
(nmol orthophosphate/mg
proteins ×h)
377.40 ±  26.92 334.53* ± 23.58
Na+K+ATPase activity
(nmol orthophosphate/mg
proteins × h)
127.95 ±  19.4 105.10* ± 11.97
Order parameter S 0.741  ± 0.005 0.761* ± 0.008
∗ t-Student unpaired test, p < 0.001.
reduction of cholesterol levels was observed for both extracts
(Fig. 2A).
Decrease in lipid peroxidation intensity was observed after
incubation of hypercholesterolemic erythrocytes with both
extracts. Similar changes for both extracts were observed, 86%
and 83% for red cabbage and 89% and 85% for Brussels sprout
of initial value at polyphenols concentration 10 and 20 mol/l,
respectively. For control erythrocytes, changes in level of lipid
peroxidation were no signiﬁcant (Fig. 2B).Decrease of cholesterol concentration in plasma mem-
branes resulted in increase of membrane ﬂuidity at polar
region. After 24 h incubation of erythrocytes with extracts
Fig. 2 – Changes of cholesterol concentration (A) and lipid peroxi
*p < 0.05 vs.  control and 5 mol/l. **p < 0.05 vs.  control, 5 and 10 from red cabbage and Brussels sprout no changes in mem-
brane ﬂuidity at the depth of 5th carbon atom in the
phospholipids chain were observed (Table 2).
The total activity of ATPase decreased after incubation of
hypercholesterolemic erythrocytes with extract at polyphe-
nols concentration 10 and 20 mol/l from red cabbage to 95%
and 86% of initial value, respectively, and from Brussels sprout
to 96% (at 20 mol/l) (Fig. 3A). The activity of Na+, K+-ATPase
was decreased to 92% (at 10 mol/l) and 85% (at 20 mol/l)
by red cabbage extracts and to 93% (at 10 and 20 mol/l) by
Brussels sprout extracts (Fig. 3B). For control erythrocytes, the
similar effects were observed for both extracts.
dation level (B) in erythrocytes after 24 h incubation.
mol/l.
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Table 2 – Order parameter S in erythrocyte membranes after 24 h incubation with extracts from red cabbage and Brussels
sprout.
Polyphenols concentration (mol/l)
0 5  10 20
Control erythrocytes rc  0.741 ± 0.005 – – 0.744 ± 0.007
bs 0.741 ± 0.005 – – 0.742 ± 0.007
Hypercholesterolemic rc 0.761 ± 0.008 0.761 ± 0.009 0.762 ± 0.006 0.763 ± 0.005
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cerythrocytes bs 0.761 ± 0.008 
rc, extract from red cabbage; bs, extract from Brussels sprout.
.  Discussion
ukaryotic cells absolutely require cholesterol for normal
unction, e.g. for cell proliferation and for modulation prop-
rties of cellular membranes. Cells obtain cholesterol in two
ifferent ways. All eukaryotic cells, except for erythrocytes,
an de novo biosynthesise cholesterol from acetate in the endo-
lasmic reticulum and the peroxisomes. Secondly, cholesterol
an be taken up by the cells from LDL through the plasma
embranes. The third component of cholesterol homeosta-
is is reverse cholesterol transport from peripheral tissues
hrough plasma to the liver. Cholesterol efﬂux may follow
y two  independent mechanisms. One is cholesterol translo-
ation from cell membrane to lipoproteins. This mechanism
equires energy and speciﬁc receptors on the cell surface
o bind the high-density lipoproteins. The only tissues that
ynthesize cholesterol take part in this transport. A second
echanism is diffusion of plasma membrane cholesterol into
ig. 3 – Activity of total ATPase (A) and Na+, K+-ATPase (B) in ery
ontrol. **p < 0.05 vs.  control, 5 and 10 mol/l.0.761 ± 0.007 0.760 ± 0.006 0.762 ± 0.008
the aqueous phase (Fielding and Fielding, 1995; Liscum and
Munn, 1999). Cholesterol efﬂux from erythrocyte membranes
can occur by the second mechanism (Rothblat et al., 1999).
The mechanism of direct inﬂuence of polyphenols on con-
centration of cholesterol in plasma membranes is still unclear.
A probable mechanism is a change in the balance between
the inﬂux and secretion of cholesterol. Polyphenols, especially
ﬂavonoids, can be incorporated in membranes or they may
bind on surface of membranes, thus disturbing cholesterol
incorporation. The cholesterol concentrations in membranes
of hypercholesterolemic erythrocytes were lowered after incu-
bation with extract. Higher changes in cholesterol were linked
with the extract from red cabbage, suggesting that derivatives
of anthocyanins have stronger hypolipidemic properties than
hydroxycinnamic acids and hydroxybenzoic acids.The observation that extracts from Brassica vegetables
decreased lipid peroxidation in vitro in erythrocyte membranes
is compared with antioxidant effects of polyphenols. The total
throcyte membranes after 24 h incubation. *p< 0.05 vs.
 d p h
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antioxidant activity of extracts from plants, investigated with
1,1-diphenyl-2-picrylhydrazine (DPPH) show strong depend-
ence on total phenolic contents (Chu et al., 2000; Heimler
et al., 2006). Moreover, the antioxidant effectiveness depends
on the number and location of hydroxyl groups (Pietta, 2000;
Soobratte et al., 2005; Vaya et al., 2003). The antioxidant
properties of quercetin have been previously reported (Ferrali
et al., 1997; Tedesco et al., 2000). Quercetin showed higher
inhibitory effect on lipid peroxidation and superoxide radi-
cal generation than kaempferol (Ng et al., 2003). The cyanidin
showed lower Trolox equivalent antioxidant capacity (TEAC)
values (<1 mM)  compared with quercetin and kaempferol, but
showed the highest ferric reducing antioxidant power (FRAP)
values (Soobratte et al., 2005). Lipid peroxidation in hyper-
cholesterolemic erythrocytes fell in directly proportionality
to polyphenol concentration, and similar changes in level of
lipid peroxidation were noted for both extracts. This could be
indicative that changes in polyphenol composition have less
signiﬁcance than total concentration.
Cholesterol has an ability to regulate ﬂuidity of plasma
membranes. At higher concentrations just as in hyperc-
holesterolemic erythrocytes, cholesterol increase membrane
microviscosity (decrease of membrane ﬂuidity). Reductions
of cholesterol concentrations results in increases of mem-
brane ﬂuidity (Chabanel et al., 1983). On the other hand,
effects of polyphenols on the cell membranes resemble those
observed for cholesterol. Location of polyphenols in mem-
brane, hydrophilic or hydrophobic region, is strong connected
to their amphiphilic character (Cyboran et al., 2012; Hendrich,
2006; Tsuchiya, 2010; Ulrih et al., 2010).
In spite of decrease in cholesterol concentration in hyper-
cholesterolemic erythrocytes caused by the red cabbage
extract, the membrane ﬂuidity was not changed. Antho-
cyanins and ﬂavonols could be incorporated into membrane
and could increase ordering of alkyl chains in the upper part
of the membrane. The decrease in cholesterol concentration
in hypercholesterolaemic erythrocytes caused by extract from
Brussels sprout was not enough to change membrane ﬂuidity.
Lack of change in cholesterol concentrations resulted in no
changes in membrane ﬂuidity after incubation normal eryth-
rocytes with both extracts. Also the membrane ﬂuidity was
not affected by ﬂavonoids from both extracts.
Membrane transport processes are regulated by many  fac-
tors, among other things by cholesterol. Higher cholesterol
concentrations in cell membranes leads to increased ﬂux
of calcium ions, decreased activities of Ca2+, Mg2+-ATPase
and Na+, K+-ATPase, and stimulated exchange of Na+/Ca2+
(Bastiaanse et al., 1997). Interaction between ﬂavonoids and
ATPase is still unclear. 15 synthetic and natural ﬂavonoids
and twelve as mono-hydroxy or mono-methoxy derivatives,
inhibited Na+, K+-ATPase from dog kidney cortex at concentra-
tions from 40 to 1000 M (Hirano et al., 1989). On the contrary,
it has been demonstrated that none of the 20 tested pheno-
lic compounds inhibited Na+/K+-ATPase at 10−5 M (Zhu et al.,
1997). Catechin and epicatechin have been shown as potent
non-competitive inhibitors of H+, K+-ATPase. Other known
+ +H , K -ATPase inhibitors are quercetin and rutin. Polyphenol
compounds from red wine induced different effects on the
properties of the renal Na+, K+-ATPase in rats with hyper-
tension. The effects depended on the mode of polyphenol a r m a c o l o g y 3 4 ( 2 0 1 2 ) 783–790
administration (Javorkova et al., 2004). It seems that inhibitory
properties of polyphenols depends on the chemical structure
of the compounds, concentration and mode of administration.
Our ﬁndings show that higher concentrations of choles-
terol in erythrocyte membranes decreases total ATPase
activity and the activity of Na+, K+-ATPase. After incuba-
tion of hypercholesterolaemic erythrocytes with polyphenolic
extracts from red cabbage and Brussels sprouts decrease total
ATPase activity. Red cabbage increased total ATPase activity
and activity of Na+, K+-ATPase in hypercholesterolemic eryth-
rocytes, and also decreased the activity of ATPase in normal
erythrocytes; this was probably linked to ﬂavonols and antho-
cyanins. Flavonoids (kaempferol, quercetin, cyanidin) have a
higher inﬂuence on ATPase activity than hydroxybenzoic acids
or hydroxycinnamic acids.
In summary, our in vitro data shows that polyphenol from
red cabbage and Brussels sprout directly affects erythrocyte
membranes. These compounds reduce cholesterol concentra-
tion in hypercholesterolaemic erythrocytes and also inhibits
the activity of ATPase and may disturb ion transport across
membranes. The stronger inﬂuence of extract from red cab-
bage on cholesterol concentration and activity of ATPase is
most likely to be related to the effects of anthocyanins.
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